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SUMMARY 



Tests were conducted in the IJACA 8-foot high-speed 
wind tunnel to determine the loads and the load distribu- 
tions at high spe3ds for a nuriher of v/ir.dshields of the 
cockpit-canopy type. Drag data were obtained simultane- 
ously with the load data. Ten windshields of various de-- 
feigns similar to these in general use were incl ud e d in 
the&e tests. A new v/ind shield designed to give low local 
loads and lov/ drags v/as also tested. These windshields 
were mounted on a DC-3 fuselage and wing model. Pressure 
distributions were obtained for the wing alone and for the 
fuselage mounted on the wing, Erom the pressure data an 
analysis was made of the intarference effects between a 
windshielcJ and the model. The tests were made at Mach 
numbers ranging from 0.12 to 0.71, and a study of the ef- 
fects of c 0:npr e s s i b i 1 i ty on loads and drags v/as thereby 
permitted. 

The load and drag data obtained in these tests are 
presented graphically. The pressure coefficients are pre- 
sented at a wing angle ci attack of -0.67 (lift coeffi- 
cient = 0.10) for J.'ach numbers ranging from 0.19 to 0.71 
and at wing angles of attack up to 6^ (lift coefficient = 
0.62) for a Kach number of O.IS. Windshield drag coeffi- 
cients are plotted against Mach number at wing angles of 
attack of -O.670 and -1»550 and against wing angle of at- 
tack at a Mach number of 0.19. 

The results of these tests show that both the local 
loads and the drags vsltv greatly among different wind- 
shields. The drag of a good windshield was found to be 
small, only about 2 percent .f the drag of a good airplane; 
but the drag of a bad windshield might easily be ten times 
as great. Blunt noses and blunt tails or sharp corners 
transverse to the flow v/ere generally found to be respon- 
sible for both high drags and high local loads. Windshields 
having high drags also had high local loads; some of the 
windshields having low drags had moderately high local 
loads. Lew local loads are favored by large fineness ratios 
and by shapes that tend to distribute the lead uniformly 
over the main body of the v/indshield. For the bad wind- 
shields the drags and for the good windshields the local 
loads increased greatly with increase in Mach number. 
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Interference from the v/in^ and fuselage is shown to have 
an important effect on the w ilnds hie Id and usually serves 
to increase the loads. Predictions of loads at high speeds 
made from low-speed data may be greatly in error unless 
the effect of "both c ompr e s s i "b i 1 i ty and wing interference 
is taken into account. Tiic ne'j windshield ^ designated the 
X-2 v;indshi3ld, was found to have hcLh low drag and low 
local loads . 

I^THODUCTION 



The windshield or cockpit canopy is designed to pro- 
vide head room, vision, and protection to occupants of the 
cockpit of a pursuit or a sinilar type of airplane. The 
d i s t ur henc e to the flow over the fuselage should, of course, 
be a minimiim. The increase in drag due to the cockpit en- 
closure should be as small as possible and, in order that 
sufficient strength may be provided, the leads should be 
small and of known magnitude and distribution. It is es- 
pecially important that the high loads attained at high 
speeds be kno\:n v/ith a reasonable degree of accuracy. The 
entire cockpit enclosure ^ incDuding the nose or windshield 
proper, the rriiddle piece or hood, and the tail, will be 
referred to in this report as the "windshield." 

Most of the windshield data in existence up to the 
time of the present investigation had been obtained at low 
speeds. Low-speed drag data had been obtained in the in- 
vestigations described in references 1 and 2; wnereas other 
windshield investigations had been concerned mainly v/ith 
the field of view and the adaptability of windshields to 
bad weather (references 3 and Undoubtedly much low- 

speed load data had been obtained by manufacturers, but 
this work is generally unavai lable • No high-speed load 
data had been obtained. The only high-speed windshield 
data available were the results reported in reference 5, 
and that investigation was limited to finding the effect 
of various geometrical factors, such as nose shape, nose 
lengthy tail shape, tail length, ard others on the diag of 
v;indshields . The failure of several windshields in high- 
speed dives served to emphasize the necessity oi obtaining 
information on the magnitude and d i s 1 1- ibut i on of loads at 
high speeds . 

This investigation was conducted primarily to obtain 
high-speed load data, including the effect of compressi- 
bility on loads for a number of representative v/lndshield 
shapes. Secondary considerations included determination 
of the critical speeds of the windshields, m.easurement of 
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the windshield dra£:s for comparison with those obtained 
in reference 5, and study of the flow over the windshield- 
fuse lage—w inc couihinabion for correlation with the drag 
and load data. A short discussion of the rather large 
inutua 1— in t erf e r e n e effects oetv\reer. wing and windshield 

oj and "between the w ing— f us e lage c oiuh inat i on and the wind— 

vo ..... . . ^ , . 

shield IS given m an a^penaix. 

J, 

These tests included drag and pressure measurements, 
covering a speed range roughly from 100 to 500 miles per 
hour on several of the v/indshield c omh ina t i ons of refer- 
ence 5 and on two windshields of more advanced design, 
^'or use in the flow and interference study, pressures 
a'bout the wing and fuselage vrere also measured. This 
work in conjunction with reference 5 gives comprehensive 
di;a^: and lo.?.a /roLi which drc^jj^ and loads for moot coDiaonly 

wsed wlndohields can "be reliably estimatedo 

ii. X XX 1' w S ii. 4.-. -J r\ T :i - J 

This inve ^3 1 igat i on was made in the IvACa 8— foot high- 
speed win-: tunnel, which is described briefly in reference 
6. The "basic model on which the windshields v^ere mounted 
was a l/ S-scale model of the LC-3 airplane used in previous 
tests (reference 5';. The inboard panel of the wing employs 
the NAGA 2215 section. Engine nacelles, landing gear, tail 
wheel, and tail surfaces v/ere omitted in these tests and 
the c i s c cnr.inui:y at the cabin was comoletel.y faired out so 
that drag chan^^es relative to the drag of the basic model 
might be as large as T^ossible. 

The 11 w in ds hi e 1 s shov^n in figure 1 v;ere used in this 
investigation; n:ne of these were used in previous wind- 
shield tests I r e f e r 0 c e 5 ) a : 1 are based on si np le geometric 
shapes. The remaining tv/o, the X-1 and the X— 3 , are of a 
later and more advanced design. For purposes of comparison 
all the windshields were c^eiiigr.ed to have a mp.ximum cross- 
sectional area of a yjpr oxi ma t e ly 0.152 square foot. Table I 
v/ith figure 1 gives the ordinates for the component parts 
N, M, and T for the first nine v/ind shields shown in fig- 
ure -L . These letters refer to the nose, middle, and tail 
pieces, respectively, the combirjation being designated by 
three numbers in the same order. The symbol 0, as in the 
combination 4-0-3, indicates that the middle piece M has 
been omitted and that the nose piece N and the tail piece 
T butt aga'nst each other. Figures 2 and ? give the ordi- 
nates for t}:e X-1 an.:!', the X-2 windshields, and figure 4 show 
the X-2 mounted on the fuselage. Both the X-1 and the X-2 
windshields are characterized by_ two basic airfoil sections; 
the X-1 has straight-line e 1 e me n t s " c onne c t i ng these sections 
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in a transverse vertical plane and the X-S has s t ra i ght — 1 i ne 
elements connecting equal percentages of chord on the two 
has'c airfoil sections. The top part of "both v/indshields is 
ro'inced to paraholic sections in trar:sv'=^rse vertical plares. 

The location of the windshields on ti.e fuselage is shown 
in figure 5. The oeginning of the tail piece caine in the 
same position, about 9 . 6 9 inches from the nose of the fuse- 
lage for all the windshields. The windshzelds were all so 
located, si:-ilarl7 v* i t h respect to the flov; over tne fuselage, 
that the results are practically c omparah le , The direction 
of the axes of the v i nd sh i e 1 d s coincided with that of the 
fusela,^e axis, v/hich made an angle of —2^ with the chord of 
the v; i n g . 

Pressure orifices were installed on only one side of the 
windshield, the wing, and the fusela^^^e. Figure 1 shows the 
location of lines along which orifices v/ere located on the 
v;ir_dGhie].ds . These lines are designated cy nurr.hers that 
agree with the nuinhers shown in the pr e s s ur e— d i s t r ihu t i on 
plots presented later. i^o attempt v;as made to give the lo- 
cation of all the individual orifices on the windshields. 
These locations can oe deterxnined from the pressure plots 
where pressure coefficients at each orifice are plotted. The 
location of the orifices or the wing and fuselage is sho^^rn 
in f igur e 6 . 

The set-up of the model in the tunnel is shown in figure 
7. The pressure lines were installed co:..pletely inside the 
irodel , runnin^^' cut of the tunnel at the wing tips. They were 
connected to a :r.ult iple-tuhe mar' orae t er filled with tetrahrom- 
ethane. A camera ws s used to record the .Ma_uid levels in the 
Iran ome t er . 

The force and the oressure data were taken si.uultane — 
ously; the dragr^ obtained therefore exactly correspond to 
the pressure data. Since the -/indshield drags v^ere small in 
comparison with the drag of the entire model, it was neces- 
sary to assure that the mc^el drag re.main nearly constant 
"between runs. In order to minimize any error due to fluctu- 
ation of the transition point, transition was fixed on the 
model by means of l/4-inch transition strips placed at l?-^- 
percent chord on the upper surface and at 6-percent chord 
from the leading edge on the lower surface of the wing and 
in a ring around the fuselage at 12 inches from the fuselage 
nose. Except for the strips to fix the transition location, 
the stirfaces of the model were maintained aer odynami cal ly 
smooth. The drag caused by the windshield was determined by 
taking the difference between the drag of the model wth 
well-faired windshield and a basic drag obtained for the 
wing and fuselage alone. Two later additional basic-drag 
runs checked well with the original. 
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These tests incliided lift, drag, pitching moment, 
and pr e s sur e -d i s t r i out i on measurements for the wing and 
fr.selage alone and in combination with the 11 windshields. 
The Mach number ranged from 0.12 to 0.71, corresponding to 
a Reynolds number range from 1,300,000 to 5,300,000 based 
on the mean aerodynamic chord of 17.3 inches. Lift, drag, 
and pressure measurements were made at a Mach num.ber value 
of apprcxim.at ely 0.19 for a ranq;e of lift coefficients 
from approximately -0.2 to 0.8, corresponding to angles 
of attack from -5.5*^ to 6^. Tne 1 i f t -c oef f i c i ent range 
Y/as lim. ited at high sjjeeds by the strength of the v/ing. 
Most complete data were obtained for a lift coefficient 
of 0.10, corresponding to an angle of attack of -0.67^. 



PHSGISION 



Systematic errors affecting the windshield drag and 
the pressure m.easuremen t s arise principally from buoyancy 
and constriction effects. The results for comparative 
purposes, however, are unaffected to any important degree 
because the sizes of all configurations tested are prac- 
tically the same. The absolute values, on the other hand, 
tend t© be som^ewhat less than the values presented. These 
errors are small and at a Mach num.ber of 0.65 are believed 
to be not greater than 5 percent c .:i the dynamic pressure 
and 4 percent cn the Mach number. At lower speeds the 
errors are much sm.aller. 

Accidental errors affecting the drag results to any 
important degree may be present at the lowest speeds and 
at the highest speeds after compression shock is formed. 
At the lowest speeds these errors occur because of the 
difficulty of m.easuring the very low loads and are great- 
est for the best windshields. At the highest speeds when 
compression shock is formed on the wing, these errors occur 
because of the unsteady nature of the flow and because of 
the difficulty of determining drag increments where the 
slopes of the drag curves are extremely steep, that is, in 
the region where the drag curves are rising almost verti- 
cally beyond the critical speed of the wing. 

RESULTS 

In the presentation and the analyses of the results 
of this investigation the following symbols are used; 

p static pressure in air stream 
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local static pre3S-;re on model surface 
p mass density of air stream 

V true air-stream velocity 

dynamic pressure (l/2pV^0 
a speed ci so'^md in ir stream 

M Mach num. be r (V/a) 



U^i^ Mach num^ber corresponding to attainment of local 
speed of sound 

/ P " P <^ 

P pressure coefficient — ^ ~; 

\ q / 

Pj^ low -speed pressure coefficiont 

Per pressure coefficient cor respondini-r to attainment of 
local spwed of sound 

Ct) drag coefficient of model "based on wing area 
Oj^ lift coefficient 

^TA^I^ pitching-momen t coefficient at q-'iarter .chord 
a angle of attack of wing 

AD^ difference "between drag of miOdel with and without 
windshield at same angle of attack and Mach 
numbe r 



J maximum c r o s s -s ec t i onal area of v/indshield 

^ \ 

^ \^ 

C1^ drag coefficient of windshield \ — — , 

AV velocity increment or induced velocity 

AV /V velocity -increment coefficient 

V local velocity (V -f- A"V) 

Y ratio of specific heats 0^/0^ for air 

The method of determining the dynamic pressure q. , 
the Mach number M, and the Reynolds number are described 
in reference ?• The symbols C-^, Cj^, and repre- 
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sent the usual n ond ir.en 3 i onal coefficients v/ith the pitch- 
jne- moment ta/:erx about the qua r t e r - ch or d point. Pressure 
coefficients ./ere calculated from tne phutofraphic records 
of the pressure differences a-.d tne dynamic pressures 
measured on the muxt iple-tuhe manoT.e'-er. 

The presented data are plotted against the predomi- 
nating parameter, the Maoh numher . The Reynolds n^imters 
are shovvrn for the corresponding Mach numhers of these 
tests in figure 8.. Figure 9 shows ^he lift coefficient 
the model plotted against an^le of attack a of the 
win^ and figare 10, the ..ift coefficient against Mach 
numher. The data presented herein apply only to smooth 
windshields mounted in the particular location relative 
to the particular v;ing and fuselage used in these tests 
and in the absence of '"pr ope 1 1 e r slipstream. In the ap- 
plication of the data to design problems, therefore, de- 
partures from, these conditions should be kept in mind. 

The v/indshield drag coefficients Gy^_ for the 11 

windshields are plotted against angle of attach a of 
the wing for M = 0.193 in figure 11 and against M for 
CO - -O.*.^^?'^ and -1.55^ in figure 12. The windshield forms 
c J r r e spo/id in g to the various drag curves are indicated 
on the figures. Tnese curves shew drags generally in- 
creasing vitli angle of attack and with Ma.ch number. The 
drag values diverge widely among different v/indshields . 
The rea.sons for t^.ese variations wil] presently be dis- 
c u s s fc d j. n d e t a i 1 . 

The effect of different types of v/indshield on the 

moment is s.aos/n in fl_:-Uie 13 v/here / for three 

-^^c/4 

difierer.t windshields and for the model without wind- 
shield is shown plotted against M. The windshields in- 
crease the absolute value of the pit ching-m om ent coeffi- 
cient, which is negative. The effect is small at low 
speeds but increases with Mach number. It is evidently 
due to the fact that higher negative pressures act over 
the windshield than exist on the fuselage in this region 
without the windshield. The pressures add a negative 
moment much greater than the positive moment produced 
by the drag. With the three windshields shown, the pitch- 
ing-moment coefficients are about tne same up to a Mach 
number of 0.60. For Mach numbers gi eater than 0.60 the 
V-o-4 windshield, which has the highest drag and also the 
highest negative pressure peak, also gives the greatest 
increase in negative moment. The change in moment for 
any given windshield installation evidently must depend 
cnitsposition. 



The pressure-distribution data for the 11 windshields 
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are presented as pressure coefficient P plotted against distance 
in inches J measured alon^ the ic:?igitudinal axis, from the foremost 
point of the windshield/' Figures 1^ to 2^ give pressure distribu- 
tions at a = -0.6t^ for six values of M from O.197 to 0.710, 
The approximate^ locations of the oil f ice lines on the models and 
the symbols representing them are shown on the plot. In order to 
avoid confusion, onlj^- points in the orifice line having the highest 
negative prei..sure coefficient are connected. The peak negative 
pressures are seen to be widely differer for different windshields; 
in most cases, they increase rapidPy wicn Mp.ch number. The pressure 
coefficients corresponding to the attainment of the local speed of 
sound are indicated as P^y»» Pi'esvsure coefficients for several 
angles of attack up to 6^ are plotted for eight windshields in 
figures 25 to yZ. Theije data were taken at a Mach number of approxi- 
mately 0,192, except in the case of the 10-1-2 windshield for which 
the Mach n^^ber is Oc339- A separate plot is chown for every orifice 
line, the symbols in this case indicating the wing angle of attack. 
As might have been expected, negative pressures increase with 
increase in angle of attack, an effect due at least partly to wing 
interference;, as shown in the appendix. The peak negative pressure 
coefficients for the 1]. windshields are c-hown plotted against M 
in figare 33° 'i'he point at which the peak negative-pressure curve 
intersects the curve marked Fr.-^ determines the critical Mach 
number M^^ of the windshield in combination with the wing and 
the fuselage. The critical speeds are evidently considerably dif- 
ferent for different windshields. The windshield pressure data 
are discussed in detail in the section of this report on loads. 

DISCUSSION 

Drag .- From figures 11 and 12 the drag coefficient of a 

good windshield, based on the cross sectional area, is seen to 
be about O.O35, For a usual ratio of windshield cross-sectional 
area to wing area, this value corresponds to about 2 percent of 
the drag of a good airplane. The drag of a bad windshield may 
be 10 times this value or 20 percent of ' .e airplane drag. 

In order to gain some idea of the approximate magnitude of the 
drag that should be expected on a windshield, a rough estimate was 
made of the skin-friction drag that was added when the 2-0-3 windshield 
was installed. This estimate showed a windshield drag coefficient of 
0.026 for wholly turbulent flow or 0.020 with ]aminar flow over 

^In figures l^j- to 3^ the distance scale was originally intended 
to apply to the sketch of the vrindshleld as well as to the pressure 
distribution. The windshields are drawn to this distance scale and 
therefore should be shifted so that the nose of the windshield is 
placed at zero. 
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the forward 18 percent of the wlrdshield. It is evident 
that measared drags suds tant ialiy higher than these values 
irust have 'ceen largely pressure drag, such as would "be 
obtained with flow separation. Severe separation should, 
in fact, be expected for forms such as tne 6-1-^, the 
9-l*-2, the 7-3-4, and the 8-4-5 windshields, which have- 
short noses terminating at sharp corners transverse to 
the flow. Figures 18, 19, 21, and 2Z shov/ that these 
windshields have hi^^h, sharp negative pressure peaks Just 
back of the corners. These pea.k are followed by large 
positive pressure gradients conducive to separation of 
the flow. For the lC-1-2 windshield the separation is 
less severe because the nose is longer and less blunt; 
but at high Mach numbers, because of the steepening of 
the pressure gradients (fir. 2C), the s e pa r a t i on be c om e s 
pronounced.. The 3-1-1 windshield has a long nose with- 
out the sharp edge, but it has too short arid too blunt a 
a tail. Figure 16 shcv/s r-he resulting rear pressure peak 
and the following steep positi'^^e pressure gradient. The 
flow s e pa rates in this region bee au s e the kinetic ener gy 
in this boundary-l'-^yer air is insufficient to overcome 
the (^-radient. The separation region is smaller, however, 
and the -con sequent drag increase less than for those 
w:i 1 lr:hields for which the flov; separates near the nose^ 
The effect of increase in angle of attack is somewhat 
gi:a:'.'ar to that of increase in Mach nunher in increasing 
sepaiabion. (See fig. 11.) "^^^^is increased separation 
occurs jocau'^e, as seen in figures 25 to 32, the pressure 
gradients increase with angle of attack, though at least 
part of the effect is probably due to interference from 
the wing. (See the appendix.) 

A glance at figure 12(a) .in conjunction with fig- 
ures 1, 2, and 3'will shov; that the windshields having 
low drag are characterized by long noses and, especially, 
long tails and by the absence of sharp corners transverse 
to the flew. Reference 5 shov/s that the radius of curva- 
ture of the rjurface on the shoulder between the nose and 
middle pieces of a windshield should be not less than 
one-f ourth of the v/indshield hei t . Figures 14, 15, 17, 
23, and 24 show further that thee windshields are char- 
acterized- by the absence of high., sharp negative pressure 
peaks and by low positive pressure gradients ever the 
tail. Of the windshields represented in figure 11, the 
same ones, except for the 4-0--3, show lov/ drag throughout 
the angle-of-at tack range that show low drag at a = -0.67^. 
The bad windshields become worse as the angle of attack 
is increased. For the 4-0-3 windshield at the highest 
an^^le , sor.e separat ion has probably developed around 

the tail in the wi nd s h i e 1 d- f us e 1 age juncture. 

The effect of compressibility is to increase the 
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drags, particularly of the :-/indshi elds having hi^h drag 
already, "because for the^e windshields the flov; is sep- 
arated and compresi^itility increases the severity of 
separation; and "because also, ex v^pt .or the 3-1-1 wind- 
shield they have hi^h peak negative pressures and there- 
fore lov7 critical speeds. A comparison of figure 12(a) ' 
with figure 33 shows, however, that as the Mach nurrfber 
is increased large incref;.ses in drag occur before the 
critical speed is reached, indication being thus given 
that the increased severity of separation may be the 
prinary cause of the drag increase. 

An interesting case parallel to a condition that 
has sometimes been found for vings is that of the 10-1-2 
windshield. Up t o a Mach number of about 0.50 this wind- 
shield shows a low drag, indicating 1 it t le ..separ at i on ; 
but at this I-Iach number, which is far below the critical 
value indicaoed in figure 33, the drag suddenly begins 
to increase. The probable explanation is that even at 
low speeds the flov; is. on the verge of separating Just 
back of the nose- Only the increase in pressure gradient 
produced by increase in I'.ach rumber is required to induce 
complete separation with ccnsGc_uent large increase in 
drag. 



Separation may be expected to reduce the peak nega- 
tive pressures and, therefore, to increase the^cri t ical^ 
speed as indicated for the bad windshields, ?-3-4, 9-1-2, 
8-.4-5, 6-1-2, 10-1-2, and 3-1-1 in figure 33,^where it 
is seen that for three of the windshields having the 
highest drags the peak negative pressures actually de- 
crease with^Mach number, but the drag of the bad wind- 
shields is already so high that respect to drag the 
critical speed has little meaning. 

For the five good windshields, the 3-1-2, the 2-0-3, 
the 4-0-3, the X-1, and the X-2 , the negative pressure 
peaks increase very ra-nidly with Mach number, but even 
with the interf erence^(see appendix) the cr it ical_Mach 
numbers of the best of these are well abovs - u.^u, 

which is as high as that of any wing with which they are 
lii-ely to be used. The turning up of the drag curves 
around M - 0.65 does not indicate the critical speeds 
of these windshields, and this drag increase ^ is prob- 
ably not due to any characteristic of the windshields 
themselves. Instead, it is probably due to interference 
of the windshield on the wing, whereby the apparent crit- 
ical speed of the wing is shifted to a lower stream Mach 
number. The sharp increase in wing drag that occurs at 
the critical speed then comes at a lower stream Mach num-- 
ber with the windshield in place than without and, when 
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the two ccrrespondinf drag curves are compared at equal 
stream Mach numbers, "the differcr.ce in drag ahove the 
wing critical Mach nuTnber, ato\:.t 0.-61 with fuselage, may 
be very great. As is pointed cut in the apper.dix, the 
windshield interference will affect the wing over only a 
limited region; but, if only half of the estimated pos- 
sible 2-percent lowering; of the apparent critical speed 
is assumed, the effect, even if operative over only a 
small portion of the wing, i? quite sufficient to e:cplain 
the observed turning up of the windshield drag curves.. 
Because of the steepness of the drag curves in this region, 
a similar effect, operating either to reduce or to increase 
the apparent windshield drag coefficient, may be produced 
bv any'small error in determining the stream Mach number. 
The general unreliability of the drag curves above the 
wing critical speed already has been commented upon. ^Ac- 
tually, the real drag of the windshield is better indi- 
cated by the values for Mach nun- .'rs below the wing crit- 
ical speed, and the critical speed of the windshield it- 
self, as well as the speed at which the drag of the wind- 
shield itself may rise rapidly, is given in better approx- 
imation as the speed at which the curve of peak negative 
pressure against Mach number intersects the critical-, 
pressure curve. 

Loads . - figures 14 to 32 show that the local loads 
on different windshields \-aried greatly and in certain 
cases were extremely high. The loads on the, side, closer 
to the fuselage and wing, were generally slightly higher 
than those on the top. A consideration of the interfer- 
ence (see the appendix) indicates that this result might 
be expected. Although the act^jal magnitude of the loads 
was influenced by interference, relative values were ■ 
probably little affected, because the interference must 
have been the same for different tests and also did not 
vary much along the windshield length. As might have 
been expected, both from a consideration of the windshield 
shapes and of the interference effect, the loads increased 
with angle of attack (figs. 25 to 32)- 

The pressure-distribution curves fell generally into 
three classes: distributions with a single peak as^illus- 
trated by the 2-0-3 windshield (fig. 14), distributions 
with two peaks as the 3-1-1 windshield in figure lb. and 
approximately flat distributions as shown in figures ib 
and 24 for the 4-0-3 and the X-2 windshields, respective- 
ly In general, where stream st-.ic pressure msiae the 
windshield was assumed, the forces were such as to tend 
to pull the canopy off and to push the nose m. 
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Examination of figures 14 to 24 shcws that the wind- 
shields having high local loads are char 3.c t e r 1 z e d "by short 
noses, short tails, or sharp corners. The highest peak 
negative pressures occurred behind sharp corners trans- 
verse to the flow. Other factors that tend to increase 
loads are interference, compressibility (to he discussed 
presently), and low fineness ratio. The effects jf in- 
terference and lov; fineness ratio are similar in that 
both tend to produce higher total leads but only sT^all 
changes in the distribution. Thus, in order to avoid 
high total loads, the interference should be made small, 
as by using a thin wing, and as thin a v/ind shield should 
be used as is consistent with space re q u irements. In 
addition, local loads nay be redr* .d cy using v;ell- 
rounded shapes similar to the 2~v o and the X-l v/ind- 
shields (figs. 14 and 22) and, finally, by using better 
forms designed for approximately flat pressure distribu- 
tions, such as the 4-0-5 and the a-2 windshields (figs. 
15 and 24). The possibility of taking advantage of fa- 
vorable interference is discussed in tne appendix. 

The relation bet^-zeen large positive pressure gradi- 
ents and separation, v/ith consequent large drag increase, 
already has been pointed out. Because these large posi- 
tive pressure gradients followed high negative pressure 
peaks, the v/indshields ha.ving high drag also had high 
local loads (figs. 12, 16, 18 to 22). If separation does 
not occur, the drag will be lov/ even if the negative 
pressure peaks are high, though possibly not so low as 
though the negative pressures were better distributed. 
This condition existed for the 2-C-3 and X-l windshields 
(figs. 14 and 23), which had moderately high negative 
pressure peaks but low drags. If for the high-drag 
windshields the flow had followed the surface instead of 
separating from it, the drag would have been greatly 
decreased, but the local loads would have been much 
higher. Thus, separation, which causes the high drags, 
tends to reduce the local loads. The effect of separa- 
tion at the sharp corners is to cause the flow to follow 
a path having a large radius cf curvature. The 'curvature 
here largely determ. ines the negative-pressure coefficient. 
If the sharp corner is replaced by a small radius of 
curvature, the peak negative-pres^re coefficient v/ill 
not be miuch affected until a radius equal to that fol- 
lowed by the separated flow is reached; consequently, 
for equal changes in flow direction, trie peak should be, 
up to a moderate value of the radius of curvature at the 
surface, not much different from those measured. In 
reference 5 it v;as found that considerable drag increases 
occurred with radii of curvature less than about 25 per- 
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cent of the v/indshie id height. This result indicates 
separation, and it may therefore "be deduced that this 
value is approximately tiie co:-;ner radiiis "belov/ which the 
pressure data ohtained for the windshields having sharp 
edges apply. P.adii of curvature larger than this value 
are prohahly needed to reduce the local loads. 

The two windshields having the lov/est peak negative 
pressures also shov:ed low drrigs (figs. 12, 15, and 24). 
This result may not always be the case, because a wind- 
shield having too blunt a tail and, therefore, high 
drags might also have fairly low loads. 

The effect of c ompr e s s i b i 1 i tv on the loads may be 
seen from figures 14 to 34. In every case for which 
separation (as indicated by high drag) did -not occur, 
the negative-pressure coefficients increased ma^rkedly 
and continuously with Mach number. The peaks increased 
more rapidly than the general pressures, thereby in- 
creasing the concentrated loads, a circumstance favorabl 
to local failure. The increase amounted to as much as 
100 percent between M = 0.20 and M = 0.70. In cases 
for which separation occurred, the peaks did not always 
increase v/ith Mach n-amber, but they broadened out and 
the general negative pressures increased^ with the result 
that the total leads were increased. The effect of com- 
pressibility in increasing the pr ssure gradients, thus 
inducing separation with consequ. ..it drag increase, has 
already been discussed. 

At speeds above the critical value (crticial pres- 
sure coefficient indicated by P^j.), the peaks show a 
general broadening, usually accompanied by an increase 
in peak negative-pressure coefficient, as expected from 
two-dimensional investigations. (See figs. 14, 18 to 
22.) This result means that, as the Mach number is in- 
creased beyond the critical value, a considerable in- 
crease in loads - both local and total - occurs. 

The increa.se in peak negative pressure with Mach 
number, shown in figure 33, was more rapid for the wind- 
shields for which separation did no"" occur. Part of 
this increa.se was due, as shown in the appendix, to in- 
terference from, the v;ing and fuselage. The increase was 



much more rapid than that given by the factor 1 /V 1 - M^ 
This fact should be kept in mind when attempting to esti 
m^ate loads at high speeds from lov/-speed data. The crit 
ical speed was not attained in these tests for those 
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windshields having the lovest.peak negative pressures 
(figs. 15, 17, and 24), and the effect of compressibility 
on these windshields was less. At higher Kach numbers 
these windshields would probably show the same effects 
that the other windshields shewed at the Mach numbers of 
these tests . 

;De_s±f^__consi6._er&^t_i_2J9J-' - designer will be con- 

front ed' v/ith ~a "nu^rber of considerations in designing a^^ 
windshield that ireets the use requirements and is, at tne 
same time, as r cdy nam i cai ly permissible. One of the im- 
portant considerations is strength. From the results of 
these tests, it is apparent that local loads varygreatly 
among different windshields and that these loads increase 
rapidly v;ith sx^eed, high local loads increasing more _ 
rapidly than low local loads. These loads-and their in- 
crease wi+h Mach number must be allowed for m ciesign, 
particularly if the airplane is to be usea in a ^^^^ 
where the wind shield the wing, or both may be operating 
at supercritical speed. 

Requirements of vision may dictate pither^a flat 
region near the nose of the wine .-ielJ. or singie-curve 
surfaces. The pressure results of these t e s t s i nd i cat e 
that it should be possible to provide a small fiat region 
at o- very rear the nose of the windshield without dele- 
terious effects, but if the fiat region is too large or 
is placed back in the high-velocity region the local 
loads m.ay be greatly increased and separation with conse 
nu-nt high drag may result. Windshields with smgle- 
ilrle surfaces may be designed with no sacrifice m per- 
f ormance . 

Another design consideration is ease of construction. 
The results of these tests indicate tnat simple easily 
designed forms are quite as satisfactory J^^r for low 
drag and for low loads as more complicated shapes .lat 
plates, however, can find only limited use in a good 
Sindshield. They may possioly be usea on - f ^ 
-he t=il where the designed surface may be approxxmately 
flat already; and small flat plates may be 
close to the nose. Otherwise they are likexy to_cause 
increased local loads and high drags. The f ' 

sign with sinrle-curve surfaces should simplify tne con 

Kclion of ^he framework and its glass or me al cover- 
ing. Retaining strips transverse to tne air flo.. increase 
the d-a^ (see reference 5) and may cause separation i. 
Xcel leil l ;egative pressure peak._ ^^-^ should there- 
fore be avoided, and the surface of the windshield should 
be made smooth. If retaining strips must be used, they 
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consistent with strength requirements and as well 



1 s 

faired as possi'ble 



satisfactory shapes may >)e designed by use of the 

"-J-" °ior/no':ra.r?o'rta !'aJ"'a-epf at the nose 
ratio, long noses a.iu w v, no c^h?±rT) corners or 

ana «ll--!ef,^,r^'?re%4-l he :-0-3. and tha 

^fni^h? I s'h::: diuM^-curve surfaces and »ay 

Y-l windshield has single-curve surfaces except 

!sL:cJe-nJ^s-r:sn-r./indLi:ir:i?i p'r-e^Jir.e 

discussed in detaij. . 

A modification of the X-1 and X-2 windshields that 

^K£WSI}^ Ti Ta-e^hu-hiifr; 

nose on the a-1 and ^l^^' though for small angles of 

with consequent drag ^^^'^^'^ J = " ' Jhe nose it round- 

the flow the increase may be small. J^^^/^..^^ 
ed off to a small radius, it will be less sensitiv 
angularity of the flow. 

• J uA^TA '-.pc^ired having low peak negative 

: \'hif low ; :i load, an! very high critical 
pressures, that i.. ^JJ ^^^^ paid to. the shape, 

speed, particular attention mu ^ ^ ^.^is 

The 4-0-3 windshield is seen from ^^f^^^/^^^ already 
reauirement reasonably well, although, as has ^1^^^^^ 

b:^rp:inted out. this ^^^.^i^'^^i.z^r^^^^^- 

to construct than a windshield «'"!^%i„i3hield , was 

A new windshield, designated here the Z-^ ^o t'e^-l wind- 
designed to be constructed ^«^^ly//^J^^/,J\ow as that 
shield but with a negative P^%^ ! J^, he X-1 wind- 

of tv^e 4-0-3 and with drag as low as °\ 'a^s • 

Shield. These objectives were attempted in t^^^^^^ 
first by increasing the fineness .^f ,v,e form to 

the 4-0-3 --shield -a sec nd / -^J;^^;f ,,,, ^he 
give an approximately flat pressi^ie attenrit wa: 

fiddle forward part of the — = , .t" f.^nrt ov. 



-ifto^lnrurJ 
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and the manner of its construction have already teen 
given. Unfortunately, the windshield was not construct- 
ed accurately according to these ordinates. The most 
important divergence was a fullness in the nose amount- 
ing to as much as 0.09 inch at the B-B plane (see fig* 
3) just forward of the front negative pressure peak. 

The main objectives soughthave, nevertheless, been 
attained, as shewn in figures 12, 24, and 33. Except for 
the unreliable upper and lower parts of the drag curve, 
explained previously, the drag is about the same as that 
of the X^l v/indshield. Figure 24 shov/s that the pressure 
distribution is almost flat over the main forward part of 
the windshield; whereas a comparison wiih figure 23 shove's 
that the pressure gradient is slightly less than that over 
the tail of the X-1 v;indshield. Figure 33 shows that the 
peak negative pressures on the nev; v;indshield were less 
than those on the 4-0-^3 windshield and less than those of 
any of the other windshields tested. The peak negative 
pressure v;ould probably have been somewhat lower if the 
windshield had been built accurately according to the or- 
dinates given. 

The X-2 v/indshield is considered to meet the require- 
ment. for a windshield having low local loads, high criti- 
cal speed, and lo-j drag. At the same time it should be 
reasonably easy to construct. 



CONCLUSIONS 



The pressure and drag results presented herein are 
strictly applicable only to the windshields in combina- 
tion with the particular wing and fuselage used in these 
tests. They apply to v/indshields of the cockpit-canopy 
type as used on pursuit or similar types of airplane. 

From, the data obtained in the tests, the follov;ing 
conclusions were drawn: 

1. The drag of a good v;indshield was found to be 
about 2 percent of the drag of a good airplane; the drag 
of a bad windshield might easily 'be 20 percent of the 
airplane drag . 

2. The good windshields were characterized by long 
noses and tails and by the absence of sharp corners trans- 
verse to the flow. 
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3. The effect of c c-npr es s i bil i ty within the range of 
Mach numbers of these tests was tc increase greatly the 
drag of bad windshields . 

4. Those windshields having high drags were also 
characterized by high local loads; some of those having 
low drags had moderately high local loads. The local 
loads varied greatly betv/een different windshields. 

5. Those v/indshields having lov/ local loads were 
characterized by long noses and tail and by the absence 
of sharp corners transverse to the flow. In addition, 
the shapes of these windshields were such as to tend to 
distribute the load uniformly over the main body of the 
windshield. 

6. The local loads on all windshields not having 
excessively high drags were found to increase markedly 
with increase in Mach number. 

7. Interference from the v/ing and fuselage v:as found 
to have an important effect on the loads over a windshield. 
For the position of the windshield relative to the wing 
and fuselage as represented by these tests, the effect of 
interference v;as t3 increase the loads. 

8. 3y the design of a nev/ windshield, the re- 
duction in both drag and local loads was found possible. 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley ?ield, Va . 
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APPEND IX 



THE INPLUEKCE OP AIJD PU5ELAGE INTERPEREI^CE 

ON THE PEESSUEE3 ACTING- ON A V/INLSHIELD 



In any analysis of flow about windshields the effect 
of interference must be considered. Both loads and drags 
are dependent on the interference velocities due to the 
wing, the fuselage, and any other "bcdies near the wind- 
shield. Application of the results of these tests will 
depend on the interference experienced by the windshield 
on the airplane as compared with the interference due to 
the wing and fuselage on which the similar windshield was 
tested . 

An estimate of the interference experienced in these 
tests and an example of the effect of this interference 
on the leads over one of the :vin:" uhields tested will serve 
to show hew The interference velocities for any combina- 
tion may be approximately determined and, at the sar.e 
time, will indicate the magnitude of the interference 
effects on the results presented in this report. 

The general nature of the interference to be expect- 
ed may be seen from figure 34, v/hich shows the relative 
positions of the windshield, the wing, and the fuselage 
and their respective surface pressure distributions. As 
negative pressure coefficients correspond to positive 
velocity increments , it may be imimediately deduced 

that the field of the wing and fuselage, extending out- 
ward, will produce at the position of the v/indshield, 
without the windshield in place, velocities v greater 
than the stream velocity. These induced velocities de- 
crease with distance from the surface and follow a curve 
somewhat resembling an exponential damping cu^ve. Thus, 
the closer the windshield is to the wing and fuselage, 
the greater is the effect of interference. The wind- 
shield is closer to the fuselage than to the wing, but 
the velocities over the wing are much greater and, as a 
result, the effect of the wing; may be as great as or 
greater than that of the fusel;^ge, particularly at high 
speeds, because of the extension of the field with I^iach 
num.be r . 



In the quantitative discussion of interference, it 
is convenient to consider the velocity-increment coeffi- 
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cients AV/ v and the resultant velocity coefficients 
v/v. The resultant velocity v is obtained by the vec- 
tor addition of the velocity increment AV to the stream 
velocity V or to the velocity otherwise existing at 
cvi the point, but for small valiies of AV and for usual 

^ positions of the v/indshield, a sufficiently good approx- 

hil imation may be obtained by adding these quantities arith- 

metically. The velocity increment v/v may be obtained 
according to Bernoulli's equation from the pressure coef- 
ficient P by the relation 



7 / -N V-^ ^'^ 

or at lev; speeds by the incompressible-flow relation 

= yi - Pi 



Before the effect of interference due to the wing 
and fuselage can be quantitatively estimated, the veloci- 
ty increments due to these bodies m_ust be determined. 
Velocity contours, that is, lines of eq\ial value of v/ V 
for a portion of the field of the ITACA 2215 airfoil at 
a = -0.67^, have been determined by the method of refer- 
ence 8 and are given in figure 35. It may be remarked 
that the velocity field as much as one chord length from 
the surface will be nearly the same for other wings of 
the same thickness ratio and at the same lift coefficient 
as for this one. Thus, the interference on a body locat- 
ed as miuch as a chord length away from a wing could be 
obtained to a sufficiently good approximation from the 
field of a Joukov/ski airfoil of the same thickness ratio 
and with the same lift coefficient, the Joukowski airfoil 
having the advantage of being mathematically tractable. 
Closer to the wing the vel-cities are more and more in- 
fluenced by the particular profile form.. 



As seen in figure 35, the velocity coefficient falls 
off rapidly with distance from the surface. If a line 
through: the point on the surface corresponding to peak 
velocity is drawn parallel to the chord line, the decay 
of peak velocity with distance perpendicular to this line 
is as shown in figure o6 for M* = 0. About the sam.e dtcay 
curve was found theoretically for the 11 , 9-percent-thick 
symmetrical Joukowski airfoil at 0*^ and 4*^ angle of attack 
and experimentally for the 18 . 8-per cent^-th^ck airfoil at 
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Cj^ = 1.6 given in reference 9. The decay curve is probably not 
much different for any other airfoil of approximtely similar 
shape • 

The compressibility effect on the field shown in figure 35 
may be obtained by increasing the distances from the wing chord 

for all points on the velocity contours in the ratio l/ t^l - 
(references 10 and 11). The corresponding values of the velocity- 
increment coefficient ^— = 1-1 j uiay then be increased in the 

same ratio to obtain the contour plot for any given Mach number 
(reference 10) • The compressibility effect was applied in 
figure 36 for M = O.kO, 0.60, 0.70^ anr^ 0.80 by shifting all 
points on the curve for M = 0 to the vlght in the ratio of 



The pressures measured on the fuselage are subject to inter- 
ference from, the wing and consequently cannot be directly used for 
the estimation of fuselage interference. Approximate interference 
velocities may be obtained by replacing the body by its equivalent 
prolate spheroid, as shown in figure 37. The peak velocity- 
increment coefficients ay/V are 0.21, 0.12, 0.08, and 0.03 
for prolate spheroids of fineness ratios 2, 3, and 8, respectively. 
Figure 37 gives the corresponding decay curves. The extension of 
the field with Mach number is given only for the fineness ratio h. 
In the absence of any rigorous theory concerning the effect of 
compressibility on the velocity field about a body of revolution, 
the same compressibility effect will be assumed for the fuselage 
as is used for the wing. 

The velocity-increment coefficients at the surface of the 
fuselage without the wing interference were actually obtained, 
however, by deducting the velocity coefficients in the field of 
the wing (fig. 35) at the positions of the fuselage orifices 
from the corref?ponding velocity c<;eff icients determined fro^n the 
pressures measured at these orifices. The velocity coefficients 
from the measured pressures and the estimated wing interference 
from figure 35 for the top and side orifice lines on the fuselage 
are shown in f ignore 38. The difference, shovm as the velocity- 
increment coefficient AV/V, is less for the top than for the 
side meridian. This res^olt may be part?v due to overcorrection, 
but the velocity over the top should be somewhat smaller because 
the fuselage is more nearly flat at the top. Also, the dip 
in the curves is expected because of the near flatness of 
the fuselage in this region. The decay curves of figure 
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3? may be applied to the AV/V values of figure 38 for 
estimating the interference velocitiee- off the surface. 
The particular decay curve corre ponding to the fineness 
ratio of the prolate spheroid that can be most nearly 
fitted to the fuselage should be used. 



As an example, the interference effects with the X-1 
windshield have been estim.ated. Since the velocities are 
highest at orifice line 4, the velocity coefficients at 
thi-s line will be reduced to the approximate values char- 
acteristic of the windshield alone, that is, no interfer-- 
ence. The location of the windshield with orifice line 4 
is given in figure 35, froir. which the corresponding inter- 
ference velocities from the wing at low speed can be ob- 
tained, per the fuselage interference, the diameter of 
the fuselage is 12 inches and the length of the equivalent 
prolate spheroid about 75 inches, and the fineness ratio 
therefore about 6. V/indshield orifice line 4 is about 2 
inches or about 0.17 the fuselage diam. eter from the sur- 
face of the fuselage. Thus, by interpolation for a fine- 
ness ratio of 6 in'fi^-ure 37, the AVMV..^^ ratio at 0.17 

the diameter from the surface is about 0.60. By multi- 
plying the vel oc i ty ■ rat io AV/V at the top meridian (fig. 
33) by 0.80, the vel oc i ty- i nc r em.en t coefficients due to 
the fuselage interference at v/indshield orifice line 4 
may be determined. The interference velocities 



= 1 f A± are shewn with the velocity distribution on 



the windshield in figure 39. The total interference ve- 
locity, shown in the same figure, is obtained by adding 
to unity the increments due to t' o wing and to the fuse- 
lage, 

/A^N /AVN 
Totsl interference-velocity coefficient = 1 -t-t — ' I ~V / ^ 

V V /wing V ^ / fuselage 

Curve A, which shows the windshield velocity distribution 
with the interference removed, was obtained by dividing 
the windshield velocity ratios given in the top curve by 
the corresponding velocity ratios v/v taken from the 
curve shewing total interference. 

Pigur^i 40 shows somewhat the same effects, complicate 
ed, however, by compressibility. The wing interference 
v/as obtained by increasing the distances perpendicular to 
the wing oj all points on the velocity contours of figure 

35 in the ratio 1/V 1 - and increasing all AV/V 

values by the factor l/^l - , thus changing both the 



OJ 
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position and the values of the velocity contours. The 
fuselage interference -^as obtained by increasing the 

AV/V values of figure 38 in the ratio 1/ y 1 - and 
interpolating among the decay curves of figure 37 for a 
fineness ratio of 6 and Mach number 0.688 at 0.17 the 
diameter from the surface. The total interference was 
obtained as before by adding the vving and fuselage 
induced velocity coefficients. The windshield velocity 
coefficients could then have be en c or r ec t ed as inii^drc39» 
but actually the reverse precocs was applied. Because of tne 
interference the windshield is subject to a Mach number 
approximately equal to the product of the interference 
velocity v/V with the stream Kach number, which in 
this case is 0.683. The interfer— ce Mach numbers are 
given on the t o t al- in t e rf e r en c e earve of figure 40.^ 
Curve A, from figure 39 , was then raised by multiplica- 
tion of the velocity-increment coefficients 

CkL = Z - 1 ; with l/y 1 - M^ , usin^: the local Mach 

numbers shown. The resulting curve was raised again by 
mul t ipl i cat i on wi t h t he in t e r f e r e nc e velocities v / V to 
give a curve of the final estimated velocity on the wind- 
shield. The proxim.ity of this curve to the curve of ve- 
locities obtained from the pr e s sure measurement s is an 
indication of the validity of the assumptions concerning 
the effect of compressibility on interference. Figure 40 
shows that the interference effect may become very great 
at high speeds. At still higher speeds, above the criti- 
cal speed of the wing, the effect is. still greater; but 
since at speeds above the critical the Kach number ef- 
fect, either on the interference or on the velocities 
without int erf erence, is quantitatively unknown, it can-, 
not be estimated with any degree of accuracy. 

As a check on the approximate correctness of the 
estimated interference effect, the velocity coefficients 
for the 4-0-3 windshield were adjusted as for the X-1 
windshields. This windshield is approximat ely one-half 
the 111 body of revolution cut along the longitudinal 
axis (reference 12), and the calculated velocity distri- 
bution for this body is given along with that of the 
measured and adjusted distributions for the 4-0-3 wind- 
shield in figure 41. Although th- sh&pe of the windshield 
velocity-distribution curve depaits considerably from the 
theoretical shape for the. Ill body, the fact that the ad- 
justed curve falls near the theoretical indicates that 
the estimated interference was approximately equal to the 
interference actually experienced. 
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The effect of interference on loads has not "been spe- 
cifically given in this example since it was convenient tc 
Hiscuss velocities rather than pressures; hat the pressure 
coefficients may easily he ohtained from the velocity coef- 
ficients either at low speeds hy the inc ompr e s s i D le flov/ 



oj r e la. 1 1 on 



= 1 



v7 

or at high speeds hy Y 



where for air Y is appr ox ii.'.at e I7 1.4. The pressure coef- 
ficients P are roughly douole the ve 1 oc ity— increment 

/ AV V \ 
coefficients f = — — 1 , . 

V V V J 

The windshield drag results a.re not consr'dered suffi- 
ciently accurate to Justify the quantitative estimation of 
interference effects, hut an approximate value of the wind- 
shield drag coefficient referred to the increased velocity 
field due to the interference velocities uay he ohta^ined hy 
dividing the v^indshield drag coefficient Cj)^ hy the 

square of the interference velocity coefficient v/V. Thus 
if the interference velocity coefficient is 1.05 (as shown 
in lig. 39), the windshield drag coefficient is reduced hy 
ahout 10 percent. That is, the drag coefficient given is 
ahout 10 percent greater than would have heen ohtained if 
the interference velocities had heen zero. 



The interference effect of the X— 1 windshield on 
the model will now he considered. Tlie drag and negative 
pressure coefficients on the wing and fuselage, except 
for the part of the fuselage covered hy the windshield, 
are generally slightly increased hy interference veloci- 
ties due to the v;indshield, hut the most important effect 
is the lowering of the critical speed of the wing. The 
interference velocities in the field of the windshield 
can he foTind in the same v/ay as for the fuselage. If 
the thickness of the X— 1 windshield is taken to he 6 
inches and the fineness ratio of the equivalent prolate 
s"Dheroid to he 3, a peak surface velocity coefficient of 
1.26 heing assumed (fig. 40), the velocity off the sur- 
face may be estimated from figure 37. The distance from 
the surface of the wing to windshield orifice line 4 is 



24 



is about 12.4 inches or slightly- over two v/indshield diam- 
eters. I'rom figure 37- the corresponding ^^^ma.x value 
for M ^ 0.638 was found to be 0.085. The velocity- 
increiT.ent coefficient 0.2^ was multiplied by this value 
to obtain 0.022 for the increment due to interference of 
the windshield on the wing. "^hus , the effective velocity 
at the v/ing mi^ht be as much as 2 percent greater than the 
stream velocity. The effective Mach number is increased 
'oy approximately the same percentage, from 0.6&8 to 0.702, 
or otherwise the apparent critical speed of the wing is 
lowered by this amount. Thewindshield interference will, 
of course, affect the wing ever only a liirited region; 
but the resulting drag increase when tiie critical speed 
of the wing is reached locally in this region v/ill be of 
the same order of m,agnltude as the increase that v;ould 
hrive been experienced h'.d the critical ^peed of the wind- 
shield itself been attained. 

The methods herein presented for e t i m: a t i n g the ef- 
fect of interierence are based on smooth flow. If sepa- 
ration Jccurs , Tihe effect of interference cannot be de- 
termined. 
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Figure 7-- Model installation in the tunnel showing the X-1 windshield. 
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Figs. 8,10,13 
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Figure 8.- Variation of te^t Revnoldp number with Mach number. 
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Figure 13.- Variation of model pi tching -moment coefficient with 
Mach number, a, -0.67^. 
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Figure 11.- Variation of windshield drag coefficient with 
angle of attack. M, 0.193; R, 1,980,000. 
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Figure 12(a,b).- Variation of windshield drag coefficient 

with Mach number. 
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Figure 15.- Pressure distribution about the 4-0-3 windshield for various Mach numbers, a , -0.67°. 
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Figure 18.- Preeeure distribution about the 6-1-2 windshield for Tarious Mach numbers, a , -0.67°. W 
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Figure 27.- Pressure distribution about the 9-1-2 windshield for various angles of attack. M, 0.196 
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Figure 28.- Pressure distribution about the 10-1-2 windshield (a) Orifice line 1 (b) Orifice line 2 (e) Orifice line 4 (d) Orifice line 5 

for Tarious angles of attack. M, 0.339. Figure 29.- Pressure distribution about the 7-3-4 windshield for various angles of attack. 

M, 0.192. 
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Figure 34.- Pressure distribution on wing, fuselage, and 
windshield. M, 0.194; a, -0.670. 
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Figure 35.- Theoretical velocity contours for the NACA 2215 wing section, 
a , -0.670. 
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Figure 37.- 
Decay of 
velocity 
increment 
in field of 
prolate 
spheroids . 
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Figs. 38,41 
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Figure 38.- Correction of velocity distribution on fuselage for wing 
interference. M , 0.194. 
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Figure 41.- Correction of velocity distribution on 

on meridian 3 of 4-0-3 windshield for 
interference. M , 0.197. a , -0.67°. 
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Figure 39.- Correction of velocity distribution on 

meridian 4 of X-1 windshield for 
interference. M , 0.191; a , -0.67°. 
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Figure 40.- Correction of velocity distribution on 
meridian 4 of X-1 windshield for inter- 
ference. M , 0.688 ; a -0.67°. 



